The aim of this paper is to study and produce Cr70Cu30 alloys via vacuum sintering, hot isostatic pressing (HIP) and hot pressing (HP) of powder metallurgy technology. The experimental results show that a lower density of Cr70Cu30 alloys is produced after vacuum sintering, owing to the many pores existing in the sintered Cr70Cu30 alloys, which are not completely removed by HIP treatment. Conversely, the HP treatment of Cr70Cu30 alloys at 1000°C 60 MPa for 1 h achieves the optimal density (97.82%), lower apparent porosity (0.65%) and higher international annealed copper standard (IACS) value (22.78%). Moreover, it also obtains the highest hardness (HRB 68.7) and transverse rupture strength (TRS) value (843 MPa). The results indicate that the closed pores can be effectively eliminated and that the mechanical properties of Cr70Cu30 alloys are obviously improved by HP treatment. Meanwhile, the Cr70Cu30 alloys also have an improved microstructure and electrical conductivity.
Introduction
Since CrCu alloys have high strength, good electrical conductivity, excellent arc erosion and welding resistance, they are widely used to electrical materials and optical targets. 1) In addition, CrCu is a well known material in the electrical industries and different compositions of CrCu are being widely used as electrical contact materials, especially in medium voltage-high current vacuum circuit breakers. 24) However, because Cu and Cr are immiscible, the Cr content of CrCu alloys prepared by conventional melting and casting processes are usually not popular. 5) Most of the production methods of this component initiate with a powder mixture of Cu and Cr. Powder metallurgy (P/M) is the conventional process for the production of CrCu alloys. 1, 6) Conventional P/M involves mixing the metal powders, compacting of the mixed powders into molds and then sintering of the compact powders under the different atmospheres. However, conventional sintered P/M-parts usually have more than 5% porosity. Enhanced sintering techniques can be applied to obtain higher densities and improved porosity in the sintered parts. 7) Powder metallurgy, such as hot pressing (HP), is a good method for fabrication of high melting material with better mechanical properties. Dense and fine grain materials can be obtained by HP treatment through the rapid heating of the powders materials under moderate loads. 8, 9) Besides, hot isostatic pressing (HIP) can be used for upgrading casting, packing pre-sintered components, consolidating powders and interfacial bonding; it involves the application of high pressure and elevated temperature in a specially constructed vessel. HIP is largely concerned with the removal of pores. 7, 10, 11) In past years, pure metals and alloys were usually made by melting and casting methods. However, problems such as ingredient segregation, non-uniform microstructure and porosity defects of CrCu alloys frequently emerged during the melting process. Therefore, in this study Cr70Cu30 alloys were produced via vacuum sintering, hot isostatic pressing after the sintering process (pre-sintered HIP) and hot pressing of powder metallurgy. Moreover, the research carried out a series of experimental tests to explore the characteristics and effects of different P/M processes on the Cr70Cu30 alloys.
Experimental Procedure
In this study, three different manufacturing processes were used to produce the Cr70Cu30 alloys: vacuum sintering, HIP after the optimal sintering process (pre-sintered HIP) and HP treatments. The Cr70Cu30 alloys were mixed using 99.95% pure reduced chromium and electrolysis copper powders, and then formed with mechanical alloys by ball milling. Figure 1 shows the surface shape of the Cr and Cu powder particles. The chromium powder was irregular, with no smooth undulating surface, as shown in Fig. 1(a) . The mean particle size was about 33.4 « 0.5 µm. In addition, the morphology of the electrolysis copper powder showed the obvious dendrite and feather shape; the surface particles were relatively smooth and the mean particle size was about 49.0 « 0.5 µm, as shown in Fig. 1(b) . Furthermore, the mean particle size of the Cr70Cu30 alloys was 31.0 « 0.5 µm after 1 h of ball milling. The obvious cold welding morphology, an effect on mechanical alloys of ball milling, is shown in Fig. 1(c) .
In addition, the chromium element has a very high activity at room and elevated temperatures, and it can easily leave some impurities in the CrCu alloys like O, which directly affect the purity and quality of the coating process. In our previous studies, 7) a nitrogen/oxygen analyzer was used to analyze the O concentration of the sintered CrCu alloys after various treatments. As a result, the oxygen concentration will be slightly increased after HIP treatment (from 280 to 990 ppm). Apparently, the oxygen content is extremely low (ppm level), which affects the mechanical and electrical properties of CrCu alloys could be ignored.
During the forming process, the Cr70Cu30 powders were put in an alloy steel mold (6 © 6 © 40 mm) and a vertical force of the hydraulic press was applied to the mold. The pressure was maintained at 200 MPa for 5 min; then it underwent a sintering process in which the sintering temperatures were 1070, 1170, 1270 and 1370°C. The vacuum was maintained at 1.3 © 10 ¹3 Pa and the soaking time was 60 min. The HIP equipment used was obtained from Flow Autoclave Pressure System, Inc. The commercial HIP equipment contained a Uniform Rapid Cooling (URC) system that allowed for uniform rapid cooling, decreased cycle time and increased productivity.
12) All of the optimally sintered specimens were subjected to the following HIP treatment after the sintering process, and called the presintered HIP process. The HIP temperature was set at 950, 1000 and 1050°C, and the pressure was maintained at 175 MPa for 4 h. In addition, the HP process used the Cr70Cu30 powders put in a graphite mold (6 © 6 © 40 mm), and the hydraulic force was applied to the mold with vertical pressure heads. The temperature was set at 950, 975 and 1000°C, and pressure was maintained at 60 MPa for 1 h, respectively. During the HP treatment (Chen Hua Electrothermal Industry Co., Ltd. CH 11T, maximum temperature is 1100°C), argon gas was utilized as a protective atmosphere to avoid the oxidation phenomenon.
To evaluate the microstructure, mechanical and electrical properties of the Cr70Cu30 alloys via different P/M processes; the porosity, hardness and transverse rupture strength (TRS), XRD (Rigaku DMX-2200), electrical resistivity and microstructure inspections were performed. Porosity tests followed the ASTM B311-08 and C830 standards. The hardness of the specimens was measured by Rockwell indenter (HRB, Indentec 8150LK) with loading of 100 kg, which complied with the ASTM E18-08b standard methods. The Hung Ta universal material test machine (HT-9501A) with a maximum load of 25 tons was used for the TRS tests (ASTM B528-05). R bm was the transverse rupture strength, which determined as the fracture stress in the surface zone. F was maximum fracture load, L was 30 mm, k was chamfer correction factor (normally 1.00 1.02), b and h were 5 mm in the equation R bm = 3FLk/2bh 2 , respectively. The specimen dimensions of the TRS test were 5 © 5 © 40 mm, and tests at least three pieces.
Microstructural features of the specimens were examined by optical microscopy (Nikon Eclipse Lv150) and scanning electron microscopy (Hitachi-S4700). The electrical performance of the Cr70Cu30 alloys was evaluated by four-point resistance value measurements. A Napson RT-7 four-point probe was used to measure sheet resistance. 7) In addition, electrical resistivity was calculated according to the following formula:
, where the µ is electrical resistivity, V is voltage, I is current, C is a constant and t denotes the thickness of the test sheet.
Results and Discussion

Effect of vacuum sintering process on the Cr70Cu30
alloys Our previous study indicated that when the sintering temperature was increased, the relative density rapidly increased and the apparent porosity obviously decreased. 7) As Fig. 2(a) shows, 86.75% was the highest relative density of Cr70Cu30 alloys reached by 1370°C vacuum sintering; the lowest apparent porosity was 8.73%. Only 30 mass% copper in the liquid phase of the Cr70Cu30 alloys was insufficient to bond together the Cr and Cu during the sintering process. 13) In this study, the liquid phase could not effectively fill the pores between the chromium and chromium grains, and resulted in a lower relative density. Thus, to improve the sintering density of Cr70Cu30 alloys, increasing the vacuum sintering temperature was necessary. However, since the sintering temperature was limited by the laboratory equipment, the other process was a smaller particle size of Cr powders used to increase the driving force of the sintering mechanism, or the HP and HIP of P/M processes utilized to achieve full densification of the Cr70Cu30 alloys. In our previous studies, 14) it indicated and proved that the powders with smaller particle size had better mechanical properties. Because of the atoms don't need to reach a long distance to fill the voids during the sintering process. Furthermore, the smaller powders possess a relatively large surface area, which could easily diffuse bond with each other. Using the smaller size of powders to decrease the porosity, improved microstructure and mechanical properties could be a feasible way to achieve.
Observation of the microstructure of the sintered Cr70Cu30 specimens revealed that all of the regions had a large number of irregular pores (see the black areas), as shown in Fig. 3 . Even an increased sintering temperature of 1370°C was insufficient for Cr70Cu30 alloys to achieve effective densification. However, the porosities obviously decreased as the sintering temperature (1070°C ¼ 1370°C) increased. The lower content of copper and limited sintering temperature resulted in lower sintering density; therefore, the follow-up to this study will explore the possibility of other P/M processes, including the pre-sintered HIP and HP processes, to improve the sintered density and properties of Cr70Cu30 alloys. CrCu is a well-known material in the electrical industries, and different compositions of CrCu are widely used as electrical contact materials.
24) Consequently, this study measured the electrical resistance of Cr70Cu30 alloys using a high-resolution milliohm meter. Table 1 lists the relative density, electrical resistivity and IACS of the sintered Cr70Cu30 alloys. The resistivity of the Cr70Cu30 alloys decreased as the relative density increased. It is reasonable to suggest that the residual porosity was significantly less, which led to a path with fewer obstacles for the movement of electrons; thus, the mean free path of the electrons increased and resulted in lower resistivity. 15) Moreover, in order to facilitate a comparison of the different sintering parameters of resistivity for the Cr70Cu30 alloys, this study converted the resistivity to the International Annealed Copper Standard (IACS). Generally, if the specimens possess higher IACS (conductivity of specimen/5.8 © 10 5 , %) values, the materials have better conductive properties. As shown in Table 1 , the highest IACS value (16.81%) for the Cr70Cu30 alloys appeared after sintering at 1370°C for 1 h. Figure 2 (b) shows the TRS test results of Cr70Cu30 alloys after different sintering temperature treatments. The maximum TRS value (474 MPa) appeared after sintering at 1370°C for 1 h. In addition, the Cr70Cu30 alloys possessed a small amount of copper, and the copper evaporation loss phenomenon was not evident during the sintering process. However, it showed that the internal pores of the sintered Cr70Cu30 alloys tended to decrease as the sintering temperature increased; as a result, the relative density increased and the higher density provided stronger binding to protect the rupture mechanism of generation. 15, 16) Therefore, the TRS value also increased as the relative density was enhanced.
3.2 Effect of pre-sintered HIP process on the Cr70Cu30 alloys Figure 4 shows the relative density and apparent density of optimally sintered Cr70Cu30 alloys (1370°C, 1 h) after various temperatures of HIP treatments. As indicated, the relative density showed a rapid increase and then a slightly downward trend as the HIP temperature increased. Meanwhile, the apparent porosity rapidly decreased, and then increased slightly. Both the relative density and apparent density of the sintered Cr70Cu30 alloys were obviously improved after HIP treatment. The highest relative density (91.56%) and lowest apparent density (3.65%) appeared in the 950°C HIP treatment. Figure 5 shows the OM morphology observations of sintered Cr70Cu30 alloys after different temperatures of HIP treatments. A few pores still remained in the internal specimen, as shown in Figs. 5(a)5(c); this was in agreement with the above observation and discussions, i.e., that the closed pores and larger connecting pores of the sintered alloys still remained in the matrix, and that a large number of pores could not be effectively eliminated by the HIP process. Table 2 lists the relative density and electrical properties of sintered Cr70Cu30 alloys by different temperatures of HIP treatments. The results showed that the relative density of the sintered Cr70Cu30 alloys increased to 91.56% and that the IACS value increased to 18.36% after 4 h HIP treatment at 950°C. In addition, the electrical resistivity decreased to 939 © 10 ¹8 ³·cm. It was also shown that the electrical performance and the relative density of the sintered 
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Cr70Cu30 alloys exhibited a similar diversification trend. However, the density of the sintered Cr70Cu30 alloys (91.56%) had not yet reached full densification by HIP treatment.
As mentioned above, the density of the sintered Cr70Cu30 alloys was poor. Nevertheless, HIP treatment obviously improved the density of the specimens (86.75% ¼ 91.56%), although it could not completely eliminate the connecting pores of the sintered Cr70Cu30 specimens. As a result, HIP treatment could still not enable the sintered Cr70Cu30 alloys to achieve full densification. In order to effectively enhance the sintered density of the Cr70Cu30 alloys, this study used the HP process to further improve the microstructure of Cr70Cu30 alloys.
Effect of HP process on the Cr70Cu30 alloys
As the pre-sintered HIP process could not completely remove the connecting pores of the sintered Cr70Cu30 alloys, this research utilized HP, another P/M technology. HP is an effective sintering method in powder metallurgy. 17) Figure 6 shows the relative density and apparent porosity of the Cr70Cu30 alloys by optimal sintering, pre-sintered HIP and different temperatures of HP treatments. Both the relative density and apparent porosity significantly improved as the HP temperature increased. The highest relative density (97.82%) and lowest apparent porosity (0.65%) of the Cr70Cu30 alloys appeared in the 1 h HP process at 1000°C. Compared with the vacuum sintering process, the HP process uses an axial pressure to make alloy powders achieve effective densification during the sintering process. After being heated, the strength of the mixed powders (Cr70Cu30 alloys) was greatly improved and the flow rate quickened during the HP process; therefore, the course of density was accelerated. 13) In addition to reducing the sintering temperature of the Cr70Cu30 alloys, HP also effectively decreased the internal porosity and improved the sintered density by the axial pressure. Figure 7 shows the XRD patterns of Cr70Cu30 alloys by sintering, pre-sintered HIP and different temperatures of HP treatments. All of the specimens exhibited a similar trend. However, the Cr and Cu elements showed a higher intensity after HIP treatment. Conversely, the intensity of the assintered Cr70Cu30 alloys was lower. Besides, the Cr and Cu elements were also shown to have a higher intensity by HP treatment, and the intensity slightly increased as the HP temperature increased to 1000°C. The major diffractions Fig. 4 Comparison of the relative density and apparent porosity of Cr70Cu30 alloys after optimal sintering and different temperature of HIP treatments. (111), (200), (220) planes, respectively. As the crystal structure depends on the XRD diffraction intensity, upon further comparison of the sintering, pre-sintered HIP process and HP treatments, it was reasonable to assume that the Cr70Cu30 alloys had better crystalline properties after HP treatment. As a result, the crystal property of the Cr70Cu30 alloy was improved by HP treatment. Figure 8 represents the OM morphology observations of the Cr70Cu30 alloys after different temperatures of HP treatments. Some degree of irregular polygonal appearance of the original chromium powders remained in the matrix. Figures 8(a) and 8(b) show that a few small pores remained within the microstructure. Significantly, the Cr70Cu30 alloys did not exhibit full densification after 950 and 975°C HP treatments. Conversely, no significant amount of pores existed in the microstructure of Cr70Cu30 alloys and almost full densification was reached after 1000°C HP treatment, as shown in Fig. 8(c) . Notably, the internal microstructure still retained the appearance of the original chromium powders; thus, it was reasonable to suggest that the densification mechanism of HP Cr70Cu30 alloys at 1000°C would be the plastic deformation and diffusion creep under solidstate condition. This result also agreed with the previous literature. Table 3 lists the relative density and electrical properties of Cr70Cu30 alloys after sintering, pre-sintered HIP and different temperatures of HP treatments. As indicated, the density and electrical properties of the Cr70Cu30 alloys were clearly improved by the HP process. Moreover, the electrical resistivity decreased and the IACS value was significantly enhanced as the HP treatment temperature (950°C ¼ 975°C ¼ 1000°C) increased. As a result, the electrical properties of HP-treated Cr70Cu30 alloys were better than for the other P/M processes. It also proved the relative relationship between the electrical performance and relative density, 15) with the higher relative density leading to lower resistivity and higher IACS values for the Cr70Cu30 alloys. Figure 9 (a) shows the hardness tests of the Cr70Cu30 alloys after sintering, pre-sintered HIP and different temperatures of HP treatments. Generally, the high density and low porosity of the alloys result in the high hardness. Therefore, increasing the HP temperature was more effective in decreasing the porosities and enhancing the hardness. The highest hardness (HRB 68.7) appeared in the 1000°C HPtreated Cr70Cu30 alloys. Figure 9(b) shows the TRS tests of the Cr70Cu30 alloys after sintering, pre-sintered HIP and different temperatures of HP treatments. As indicated, all the HP-treated specimens showed an obvious increase in TRS value. From the previous metallographic observations (as seen in Fig. 8 ), there were still many internal pores of the Cr70Cu30 alloys not completely eliminated after 950 and 975°C HP treatments. Internal pores in the matrix easily generated the stress concentration phenomenon, which resulted in lower strength. However, 1000°C HP-treated Cr70Cu30 alloys reached almost full densification by reducing the strain points along the rupture mechanism and increasing the TRS value. As a result, the highest TRS value (843 MPa) appeared in 1000°C HP-treated Cr70Cu30 alloys. It was reasonable then to suggest that the optimal P/M process of Cr70Cu30 alloys was the 1000°C 1 h HP treatment.
18)
Since the 1000°C HPing Cr70Cu30 alloys have achieved a relatively high density; meanwhile, they possess the excellent toughness. Therefore, the specimen only bending occurs without breaking phenomenon after the TRS test. Consequently, the 950 and 975°C HPing Cr70Cu30 alloys fracture surfaces were selected and observed, as shown in Figs. 10(a) and 10(b), respectively. When the deformation of a specimen exceeds itself limit, it will crack directly by the stress concentration. This causes a local chromium near the CuCr interface to spread and expand rapidly, lowering the resistance of the interface to fracture. The mainly fracture mechanism was generated by the brittle properties of chromium, which showed the obvious transgranular fracture. Furthermore, the arrows indicated area were ductile fracture of copper.
Conclusions
As the copper content in the Cr70Cu30 alloys was only 30 mass%, there was insufficient driving force for liquidphase sintering during the sintering process. Therefore, the sintering process could not generate enough liquid to fill the pores between the chromium and chromium grains. As a result, the sintered density and mechanical properties of the Cr70Cu30 alloys were not effectively increased by vacuum sintering. Furthermore, the relative density of the sintered Cr70Cu30 alloys increased from 86.75 to 91.56% after the pre-sintered HIP process. The porosity was significantly decreased by HIP technology. However, it was clearly indicated from the poor density that the sintered Cr70Cu30 alloys could not achieve full densification via the HIP process.
In addition, the relative density reached 97.82%, the apparent porosity decreased to 0.65% and IACS increased to 22.78% by the 1000°C 1 h HP treatment. Moreover, the highest hardness (HRB 68.7) and TRS value (843 MPa) were obtained by the HP treatment. Significantly, the HP process was effective in eliminating the internal pores of the Cr70Cu30 alloys, which resulted in the optimal electrical and mechanical performances. 
